ABSTRACT: Interfacial interactions between late transition metal/metal oxide nanoparticles and oxide supports impact catalytic activity and stability. Here, we report the use of isothermal titration calorimetry (ITC), electron microscopy and density functional theory (DFT) to explore periodic trends in the heats of nanoparticle−support interactions for late transition metal and metal oxide nanoparticles on layered niobate and silicate supports. Data for Co(OH) 2 , hydroxyiridate-capped IrO x ·nH 2 O, Ni(OH) 2 , CuO, and Ag 2 O nanoparticles were added to previously reported data for Rh(OH) 3 grown on nanosheets of TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 and a layered silicate. ITC measurements showed stronger bonding energies in the order Ag < Cu ≈ Ni ≈ Co < Rh < Ir on the niobate support, as expected from trends in M−O bond energies. Nanoparticles with exothermic heats of interaction were stabilized against sintering. In contrast, ITC measurements showed endothermic interactions of Cu, Ni, and Rh oxide/hydroxide nanoparticles with the silicate and poor resistance to sintering. These trends in interfacial energies were corroborated by DFT calculations using single-atom and four-atom cluster models of metal/metal oxide nanoparticles. Density of states and charge density difference calculations reveal that strongly bonded metals (Rh, Ir) transfer delectron density from the adsorbed cluster to niobium atoms in the support; this mixing is absent in weakly binding metals, such as Ag and Au, and in all metals on the layered silicate support. The large differences between the behavior of nanoparticles on niobate and silicate supports highlight the importance of d-orbital interactions between the nanoparticle and support in controlling the nanoparticles' stability.
■ INTRODUCTION
Late transition metal nanoparticles dispersed on high surface area oxide supports are essential to technologies in the energy, chemical, and environmental industries, where they are employed as catalysts and electrocatalysts. The activity and selectivity of these catalysts are dependent on the size 1−8 and shape 9 of the active nanoparticles, the composition of the oxide support, [1] [2] [3] [4] [5] 10 and the extent of support reduction. 4,5,11−15 Therefore, the interfacial interactions between catalytic nanoparticles and supports are key parameters in determining catalyst stability, activity and selectivity. Under catalytic reaction conditions, nanoparticles can grow to form larger, less active particles. The rate and extent of particle growth is controlled in large measure by the details of the nanoparticle/support interface. Both theoretical 16−20 and experimental studies 4,21−25 have investigated the atomic-level structure of this interface. Although nanoparticle−support interactions are clearly implicated in the migration of particles leading to coalescence and in the kinetics of Ostwald ripening, there is still relatively little direct experimental quantification of the bonding at the nanoparticle−support interface. 4, 26 To understand these interactions, Campbell and co-workers have recently measured the enthalpy of interfacial bonding using a piezoelectric metal adsorption calorimeter. 27 Atoms of elemental Ag, Cu, Ca, Li, and Pb were vapor deposited onto single crystal oxide supports, including MgO, CeO 2 and Fe 3 O 4 . The heat of interaction was found to be strongly dependent on both the nanoparticle size and support composition (ref 4 and references within).
More recently, we reported the use of solution-based isothermal titration calorimetry (ITC) to quantify the heat of interaction between rhodium hydroxide nanoparticles and several early transition metal oxide and main group oxide supports. 26 These heats were also found to be strongly dependent on the oxide support composition. Stronger interfacial bonding was found to inhibit nanoparticle sintering in vacuum and under reducing atmospheres at elevated temperatures. Rhodium hydroxide nanoparticles bond exothermically to early transition metal (niobium, tantalum, and tungsten) oxide supports, which inhibit nanoparticle sintering. Conversely, the interfacial bonding to main group oxide supports, such as silica and alumina, is endothermic and particle growth on these oxides occurs at a much lower temperature. 26 In the present study, we combine calorimetric measurements with density functional theory (DFT) calculations to map out the periodic trends in the strength of the nanoparticle−support interaction and to understand the reason for the anomalously strong bonding of late transition metals to early transition metal oxides. ITC was used to quantify the heats of interaction of cobalt, iridium, nickel, copper and silver metal oxide/hydroxide nanoparticles to a layered niobium oxide support and compared to a high surface area silicon oxide support. In situ highresolution transmission electron microscopy (HRTEM) and high-angle annular dark field scanning transmission electron microscopy (HAADF STEM) were used to track the sintering of nanoparticles as a function of temperature under vacuum. A clear correlation between the strength of interfacial bonding and the resistance of nanoparticles to growth in vacuum was observed. DFT calculations of model systems were consistent with the experimental data and provided insight into the nature of charge transfer interactions that strongly stabilize late transition metal/metal oxide nanoparticles on early transition metal oxide supports.
■ MATERIALS AND METHODS
Supported Nanoparticle Synthesis. The layered oxide KCa 2 Nb 3 O 10 was synthesized as previously reported. 28 Briefly, a 0.4 mol/mol (mole fraction) stoichiometric excess of K 2 CO 3 was ground with stoichiometric amounts of CaCO 3 and Nb 2 O 5 . The powder mixture was heated at 1200°C for 12 h in an alumina crucible. The obtained powder (1.00 g) was mixed with 1.0 mol L −1 HCl (100 mL), and the solution was changed daily for 3 days to produce the protonexchanged product HCa 2 1.96 ) (1.00 g) was added to 100 mL of deionized water and stirred overnight to exfoliate into nanosheets. Concentrated NaOH was used to bring the Na-TSM solution to a pH of 12.0 before metal oxide/hydroxide nanoparticle deposition. Commercially purchased SiO 2 with an average particle diameter of (17 ± 6) nm (n = 101) and a surface area of (408 ± 8) m 2 g −1 was also brought to a pH of 12.0 before nanoparticle deposition.
Cobalt hydroxide, nickel hydroxide, copper oxide and silver oxide nanoparticles were deposited as previously reported for rhodium hydroxide nanoparticle deposition. 26, 30, 31 20 mmol L −1 aqueous solutions were made from the metal salts CoBr 2 , NiSO 4 ·6H 2 O, CuSO 4 , and AgNO 3 . Appropriate amounts of the metal aqueous solutions were added to 50.0 mL exfoliated nanosheets to achieve a metal mass fraction deposition of 0.05. The reaction was stirred for 18 h at room temperature. The nanosheets were then restacked by dripping the suspension into 2 mol L −1 KOH (50 mL). The solid sample was washed twice more with KOH and three times with water before drying at 60°C overnight.
An iridium colloidal solution containing both monomeric iridium ([Ir(OH) 5 (H 2 O)] 2− ) and IrO x ·nH 2 O nanoparticles was synthesized as previously reported. 32 In the modified preparation, 2.0 mmol K 2 IrCl 6 was dissolved in 80 mmol L −1 NaOH (90.0 mL), heated rapidly until the temperature reached 75°C, then immediately cooled in an ice bath for 64 h. During the 64 h of ice bath cooling, the pH was monitored closely and kept at 11.9 with the addition of 1.0 mol L −1 NaOH. After 64 h, the solution volume was adjusted to 100 mL with nanopure water. Purified IrO x ·nH 2 O nanoparticles were obtained by precipitating the above product with double volume isopropyl alcohol (IPA) and resuspending the precipitate in deionized water. 32 , heating the solution to 70°C until the solution turned colorless, and then being cooled immediately in an ice bath. 32 The iridium species were deposited by adding 1.6 mL of the 20 mmol L −1 solution to 50.0 mL of the nanosheet solution to achieve a mass fraction of 0.05. The nanosheets were restacked as detailed above for the other nanoparticles.
For nanoparticles deposited onto Na-TSM, the composite was centrifuged without KOH restacking and washed three times with water before drying overnight at 60°C.
Characterization. Isothermal titration calorimetry (ITC) experiments were performed using a 1.04 mL cell. Measurements were conducted as previously reported. 26 (34 titrations) . Experiments were done at 25°C and in triplicate. The data was fit using an independent bonding model, and heats of dilution were subtracted from each run to retrieve thermochemical data.
High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images were obtained on a TEM with an accelerating voltage of 300 kV. For temperature-dependent TEM experiments, samples were dispersed in an IPA solution, drop cast on a temperature-controlled support and then dried under a heat lamp. Ambient temperature TEM images were retrieved after drop-casting sample from solution onto a lacey carbon TEM grid.
A powder X-ray diffractometer with monochromatized Cu Kα radiation and a wavelength of 0.15418 nm was used to obtain powder X-ray diffraction (XRD) patterns.
For all measured values, the uncertainty is given as one standard deviation of the mean. The number of measurements for a measured value (n) is given throughout the text.
Electronic Structure Calculations. DFT calculations were conducted utilizing the Vienna ab initio simulation package (VASP). 33, 34 The exchange-correlation energy functional was treated using the generalized gradient approximation (GGA) implemented in the Perdew−Wang formulation (PW91). 35 Plane-wave basis sets were employed for all periodic calculations with an energy cutoff of 450 eV (4.34 × 10 4 kJ mol −1 ). The projector augmented wave pseudo potential approximation 36 , Ag + ) were investigated. These ions were selected based on the solubility of their halide salts and, in all cases except Ir 3+ , the rapid ligand exchange kinetics of the metal aquo ions. Metal oxide/hydroxide nanoparticles were deposited onto TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 and Na-TSM nanosheets by in situ alkaline hydrolysis of the metal salt precursor, at a mass fraction of 0.05 metal. The same metal salts were used in ITC experiments to measure the interfacial bonding heats, as described below. Table S1 lists the metal precursors used in this study, as well as the corresponding metal oxide/hydroxide nanoparticles formed. The phase of the deposited nanoparticle was determined by hydrolyzing the precursor salts in TBA + OH − in the absence of nanosheets, collecting the precipitate and identifying the solid by XRD ( Figure S1 ).
The lattice constants of the nanoparticles made by hydrolysis in the absence of nanosheets are reported in Table S1 . The XRD line widths indicate that Co(OH) 2 and CuO scattering domains are small, with estimated sizes of 5 and 13 nm, respectively. The line widths predict the Ag 2 O scattering domains to be larger, with an estimated size of 30 nm. The Ni(OH) 2 XRD pattern contains both narrow and broad reflections, consistent with the platy texture of this layered compound, with estimated scattering domain sizes of 12 nm and 2 nm, respectively.
Since Ir 3+ complexes have slow ligand exchange rates, direct alkaline hydrolysis of Ir(III) halides was impractically slow for ITC experiments. In this case, preformed aquo ions and colloidal particles were made by alkaline hydrolysis and then deposited onto the nanosheets. We have recently shown that the dissolution of dilute Ir(III) and Ir(IV) salts in alkaline solutions (pH > 13,
2− and [Ir(OH) 6 ] 2− ), and that condensation of these ions at higher concentrations yields amorphous IrO x ·nH 2 O nanoparticles, onto which the monomeric anions strongly adsorb. 32, 40 This colloidal solution, with an average nanoparticle diameter of (1.2 ± 0.3) nm (n = 299), is shown in the TEM image in Figure S2 .
This colloidal solution will be referred to as hydroxyiridatecapped IrO x ·nH 2 O throughout this paper.
As we reported previously for Rh(OH) 3 nanoparticle deposition on KCa 2 Nb 3 O 10 , turbostratic restacking of the nanosheets occurs upon addition of KOH to the suspensions. The XRD patterns of the restacked materials show only 00l and hk0 reflections of the nanosheets, and no reflections can be attributed to the nanoparticles. 30 All the late transition metal oxide/hydroxides deposited onto KCa 2 Nb 3 O 10 display these characteristic XRD patterns after restacking with KOH ( Figure  S3 ).
The HRTEM and HAADF STEM images on the top row of Figure 1 Na
a The number in parentheses represents the number of measurements used to determine one standard deviation of the mean.
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Article there is a spatially uniform distribution of nanoparticles on the niobate support. The average diameter of the Ag 2 O particles (7 nm) is much larger than the other deposited nanoparticles (1− 2 nm). For comparison purposes, the same nanoparticles were deposited onto the layered silicate Na-TSM. Na-TSM contains tetrahedral-octahedral-tetrahedral (T-O-T) silicate layers separated by Na + ions ( Figure S4 ). Each tetrahedral layer is capped by oxygen atoms shared by two T atoms, and therefore there are no free Si−OH groups on the basal plane surface. The saturation loading of nanoparticles and their distribution onto Na-TSM was in stark contrast to nanoparticles deposited onto KCa 2 Nb 3 O 10 , as shown in the bottom row of images in Figure  1 . There was a broader size distribution of nanoparticles, as well as areas of the support with no nanoparticles present, and there were also large particles in the suspension, as seen in the TEM, that were not bound to the support in the case of both CuO and Ag 2 O.
In our earlier study, micron-sized Rh(OH) 3 particles were found to break up and deposit as <1 nm diameter particles on nanosheets of TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 . 26 This "reverse" ripening effect was attributed to the thermodynamically favorable interaction between Rh(OH) 3 In all cases, the deposited nanoparticles were smaller after addition of the nanosheet suspension, and in a few cases, the shape of the nanoparticles changed dramatically. For example, CuO particles formed in the absence of nanosheets were rods with an outer diameter of (19 ± 13) nm (n = 95), Co(OH) 2 particles were both thin platelets with an average lateral dimension of (22 ± 11) nm (n = 193) and rods, and Ni(OH) 2 particles were a mixture of spherical particles, platelets and wires (not all shapes are pictured in Figure 2b ). Upon addition of the preformed metal oxide/hydroxide particles to colloidal TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 , all the metal oxides/hydroxides deposited as much smaller nanoparticles and no rod-shaped particles were found. Not all of the preformed Co(OH) 2 and Ag 2 O particles deposited on the nanosheets, and Co(OH) 2 particles deposited with a broad size distribution on different areas of the nanosheets. Figure 2 shows TEM images of the preformed nanoparticles (top) and their deposition onto TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 nanosheets (bottom).
ITC Measurements of Interfacial Bonding Energies. The interaction heats between metal oxide/hydroxide nanoparticles and oxide supports were measured by using ITC titrations as previously described. 26 The deposition of the nanoparticles onto an oxide support involves several chemical steps, and therefore, the enthalpy change that corresponds to the nanoparticle−support interaction must be obtained by difference from the overall heat of reaction.
Scheme 1 shows a generic Born−Haber cycle for the deposition of a metal oxide/hydroxide (M(O/OH) (s) ) from a metal halide precursor (MX (aq) ). The overall enthalpy change ) was included only in cases when hydrolysis of the metal salt precursor generated acid. . From these data, it could be concluded that only the monomeric anions are interacting with the support when IrO x ·nH 2 O nanoparticles are deposited onto the nanosheets. Therefore, we use the interaction heat of the monomeric anions in plotting the periodic trends below (Figure 3 ). It should be noted that alkaline solutions of the monomer in equilibrium with air contain both Ir III . This endothermic heat of interaction can be measured since the enthalpy of the overall reaction is favorable; that is, reactions 1 and 2 drive the adsorption of nanoparticles to the support. The general trend is toward weaker interfacial bonding as the strength of the M−O bond in the bulk oxide decreases, as observed in earlier calorimetric studies of metal clusters binding to oxide supports, 5 although this is the first demonstration of this correlation for binding from a liquid-phase metal precursor solution. While the same trend is followed for metals on the silica support, in that case, the interaction energies are endothermic and there is less of a difference between elements with stronger and weaker M−O bonding.
It is apparent from the comparison of Table 1 10 have an average diameter of less than 1 nm and a heat of interaction of (−35 ± 9) kJ mol −1 . 26 In contrast Ag 2 O has a slightly endothermic interaction heat (6 ± 7) kJ mol −1 and deposits at room temperature as unevenly distributed particles with an average size diameter of (7 ± 5) nm. The broad distribution of particle sizes for the metal oxides studied on Na-TSM (Table 1) correlates with the endothermic interaction energy with the high surface area silica support. The resistance of supported nanoparticles to sintering (see Supporting Information) follows a similar trend in which the thermodynamic driving force for particle growth is reduced by a strong bonding interaction of the nanoparticle with the support. Therefore, hydroxyiridate-capped IrO x ·nH 2 O nanoparticles deposited on a niobium support are remarkably resistant to sintering at temperatures up to 1000°C (Figure 4) .
Computational Modeling of Particle-Support Interactions. Campbell and co-workers have shown that metals that bond more strongly to oxygen also interact more exothermically with oxide supports. 5 In their experiments, like those described here, the composition of the support has a clear effect on the strength of this interaction. 5 "Strong" supports such as CeO 2 and Fe 3 O 4 are differentiated from "weak" supports such as MgO by their more exothermic bonding to noble metal nanoparticles. 4, 5 To better understand the nature of the interfacial interaction, the first set of DFT electronic structure calculations done in this work used a range of metals (Au, Ag, Cu, Pt, Pd, Ni, Ir, Rh, and Co) and models for representative oxide supports (HCa 2 Nb 3 O 10 and SiO 2 ). Because the extent of nanoparticle reduction in the experimental particle growth studies is unknown, and since previous experiments show similar trends for growth of Rh(OH) 3 nanoparticles when heated in vacuum and reducing atmospheres, we initially used fully reduced metal atoms and clusters to simplify the modeling. The calculations were then extended to metal atoms and clusters in higher oxidation states, which qualitatively show the same trends in bonding strength (see below).
The calcium niobate nanosheets were modeled in their proton-exchanged form (HCa 2 Nb 3 O 10 ) by first optimizing the bulk structure, beginning with the experimentally characterized 
Article P4/mbm crystal structure refined by Chen et al. 29 The DFToptimized bulk lattice constants were a = b = 0.534 nm and c = 1.464 nm, in reasonable agreement with the experimental values of a = b = 0.545 nm and c = 1.441 nm. From the optimized computed structure, the surface of the layered oxide was cleaved in the [001] direction, which is the layering axis of the crystal. H 2 O molecules that occupy the interlayer galleries in the bulk structure were not included in the computational model. The resulting surface structure of the HCa 2 Nb 3 O 10 support is shown in Figure S7 .
The SiO 2 support was modeled using a reconstructed, partially hydroxylated β-cristobalite SiO 2 (001) surface structure reported by Rozanska et al., which is predicted to be stable under the conditions employed in this study and is commonly used to model amorphous silica supports. 41 Binding energies for both single metal atoms and four-atom tetrahedral clusters (denoted M 4 ) were calculated to model metal-oxide support interaction strengths. Binding energies were calculated relative to the clean oxide surface plus a gas phase metal atom (or cluster):
, where E metal-[g] is the energy of the gas phase metal atom (or cluster), E support-[clean] is the energy of the clean support surface, and E metal/support is the energy of the metal-adsorbed surface. Negative values indicate exothermic binding. It is important to note that these calculations do not include solvation terms that are important in the ITC experiments, so we expect them to reproduce periodic trends but not to give the same energy changes as those measured experimentally.
For single atoms, structural optimization calculations were initiated from three possible surface binding sites on the HCa 2 Nb 3 O 10 surface: (1) the equatorial oxygen, (2) the axial oxygen, or (3) the interstitial space between NbO 6 polyhedra ( Figure S7A ). The optimized structure of Ir and Ag atoms are shown in Figure 5A and 5B, respectively, and demonstrate that the equatorial oxygen site is preferred for Ir, which interacts strongly, whereas the interstitial site is preferred for Ag, which interacts more weakly. In both cases, there is a resulting close contact between the adsorbed metal and niobium atoms in the support. For Ir and Ag, the optimized metal−niobium internuclear distances are 0.27 and 0.31 nm, respectively. This suggests that metal−metal bonding between the adsorbed metal and the underlying niobium atom is indeed possible. The optimized structure of all the metal atoms studied on HCa 2 Nb 3 O 10 are shown in Figure S8 , where metal−metal bond distances (Table S4 ) between 0.18 and 0.23 nm were calculated in all cases. The optimized single atom metal adsorption site for SiO 2 binding is the same for all metals and is represented in Figure S9 .
The optimized M 4 adsorption structures for Ir and Ag on HCa 2 Nb 3 O 10 are provided in Figure 5C and 5D, respectively. Both of these metallic clusters prefer the interstitial bonding site with a 3-atom basal plane in contact with surface oxygen atoms, where Ag 4 sits higher above the oxide surface compared to Ir 4 . The optimized M 4 adsorption structures for all the metals, shown in Figure S10 , demonstrate that all metals (except Au) prefer the interstitial site with the 3-atom basal plane in contact with the surface. The bond distances are shown in Table S5 .
In Figure 6A ,B, the resulting binding energies are plotted against [ΔH sub − ΔH f ] for each metal. A linear correlation between the oxide formation energy and the metal−support binding strength emerges from the calculations. The niobate and silicate supports are strong and weak, respectively, as also shown in the experimental data in Figure 3 .
This type of correlation was first proposed and experimentally demonstrated by Campbell and Sellers 5 and can serve as a useful computational screening tool for selecting candidates for supported catalytic metals with specific interaction strengths. The plots in Figure 6 demonstrate that platinumgroup metals bind strongly to the niobate support, whereas late 
Article transition metals interact weakly with the silica support. The resulting periodic trend in interaction strength across late transition metal atoms and clusters is in agreement with the experimental trend in adsorption strengths of metal oxides (ΔH 3 ) determined by ITC and shown in Figure 3 . The DFT calculations are also consistent with the experimental observation that the composition of the support strongly affects the interfacial bonding enthalpy. All metal nanoparticles investigated interact weakly with the SiO 2 support, as shown experimentally in Figure 3 and computationally in Figure 6 .
The effect of the oxidation state of the metal atom was then investigated for comparison with the experimentally measured heats of interaction determined by ITC. The binding energies of all metals were calculated on an H 0.5 Ca 2 Nb 3 O 10 surface model, which changed the formal oxidation state of the metal from M 0 to M 1+ . This yields an oxidation state equivalent to adsorbing a metal atom with an attached −OH group (and desorbing H 2 O in the adsorption process). The data in Figure  6A show stronger adsorption to the H 0.5 Ca 2 Nb 3 O 10 surface than to the stoichiometric surface, and the same qualitative trend in bonding strength is obtained regardless of the oxidation state of the metal. Figure 6C −D compares the structural interface models of iridium calculated in different oxidation states. The Ir−Nb bond distance is decreased over the H 0.5 Ca 2 Nb 3 O 10 surface, reflecting stronger binding induced by the Ir−Nb interaction. The good correlation between theory and experiment suggests that the periodic trends in nanoparticle/support interactions are insensitive to the metal oxidation state, as observed experimentally in the Rh/Rh(OH) 3 case. 26 This suggests that DFT modeling can be used to investigate a broader range of metals than might be experimentally accessible for ITC thermodynamic analysis.
Analysis of metal−support electronic structures provides insight into the nature of the metal-oxide support bonding. The difference in bonding character between Ir and Ag on the niobium oxide is demonstrated by the density of states (DOS) analysis shown in Figure 7 . In Figure 7A , there is clear mixing of Ir and Nb d-states, indicative of electron transfer from Ir atoms to the nearest adjacent niobium atoms in the support. This suggests some degree of metal−metal bonding and is further confirmed by the Bader charge differences (calculated as the Bader charge of the surface-bound metal atom relative to the valence of the gas phase metal atom) reported in Table S6 . A pronounced negative charge depletion on the surface-bound Ir 
Article atom is observed. The isostructural plots in Figure 7 show the charge density difference calculated between the full metal− support system and the clean-support/metal-atom components, revealing how charge is transferred between the cluster and the support. For the iridium cluster, there is significant valence electron density between Ir and Nb at the interface demonstrated by the purple isosurface, which again suggest a strong Ir−Nb bonding interaction. Conversely, no mixing of dstates between Ag and niobium is seen in the DOS plots in Figure 7B , resulting in a high energy gap state relative to the dband and weak Ag binding. Correspondingly, there is no valence electron density accumulation between the cluster and support in the Ag system seen in the charge density difference. This conclusion is also consistent for the bonding between the niobium support and single metal atoms, as shown in Figures  S11 and S12, demonstrating that the results are not dependent on the chosen cluster model. The Bader charge analysis for HCa 2 Nb 3 O 10 in Table S6 demonstrates that for all metals tested there is significant negative charge transfer from the transition metal atom to the niobate support, whereas there is little charge transfer to or from the transition metal to SiO 2 . In fact, for Ir and Ni on SiO 2, there is actually a small amount of charge transfer f rom the support to the adsorbed metal; this is also reflected in the charge density difference plot for Ir-SiO 2 shown in Figure S13 .
The role of d-orbital mixing in stabilizing bimetallic transition metal alloys and interfaces has a long history in the experimental and theoretical literature. Brewer proposed in 1967 that d-acid/base interactions between early and late transition metals, respectively, could account for the anomalous stability of alloys such as ZrPt 3 . 42 Later electronic structure calculations by Wang and Carter, however, showed that in these alloys charge transfer occurred in the opposite direction, from the early to the late transition metal. 43 Strong evidence for electron transfer in the Brewer sense (from the more to the less electronegative metal) has been found for ultrathin films of late transition metals such as Pd, Ni, and Cu on earlier transition metal (Mo, W, Ru) surfaces. 44−47 In these studies, Goodman concluded that the electronegativity of the surface atoms was lower than those in the bulk metal. 45 The present results suggests that the Brewer d-acid/base interaction is quite relevant to the interaction of transition metal and metal oxide nanoparticles with "strong" supports, which have empty or partially filled d-orbitals. A key factor appears to be the coincidence of d-orbital energies in the relevant oxidation states of the two metals, as shown for Ir 0 and Nb 5+ in Figure 7A . It is interesting to note that Ag binds weakly to the niobate support because the d-orbitals of Ag are significantly lower in energy than those of Nb
5+
. As demonstrated in Figures 3 and 6 , metals that form stronger M−O bonds are also observed to bind stronger to the oxide support. Our electronic structure analysis, however, suggests that electron donation from the adsorbed metal atom occurs mainly to the Nb on the layered niobate structures, suggesting that the supported metal atoms oxidation tendencies can be predictive of strong support interactions independent from the destination of charge transferred upon adsorption. This suggests the possibility of tuning the strength of the metal−support interactions for late transition metals through appropriate choice of d-electron accepting oxide supports. Experiments along these lines are currently underway ■ CONCLUSIONS Metal oxide and hydroxide nanoparticles (M = Co, Ni, Cu, Ag) and monomeric [Ir(OH) 5 
(H 2 O)]
2− anions were deposited onto niobium oxide and silicon oxide supports by alkaline hydrolysis of water-soluble metal salts. ITC and TEM data show a strong correlation between interfacial bonding strength and the inhibition of thermal sintering of the supported nanoparticles. These results are consistent with our earlier observations of Rh(OH) 3 nanoparticles on early transition metal oxide and main group oxide supports. 26 Nanoparticles that bond exothermically to the oxide support, such as hydroxyiridate-capped IrO x ·nH 2 O on KCa 2 Nb 3 O 10 , deposit as <1 nm particles and resist sintering even up to temperatures of 1000°C. In contrast, nanoparticles that interact endothermically with silica supports have a broad original size distribution and appear to migrate and coalesce rapidly at lower temperatures.
ITC data show that Ni(OH) 2 , CuO and Rh(OH) 3 all interact endothermically with SiO 2 and exothermically with TBA 0.24 H 0.76 Ca 2 Nb 3 O 10 nanosheets. This trend is supported by DFT calculations, which also provide insight into the nature of the metal−support interaction. The strong interaction between late transition metal/metal oxide nanoparticles and the early transition metal oxide support HCa 2 Nb 3 O 10 can be attributed to the formation of mixed d-states and charge transfer from the supported metal atoms to the niobium atoms in the oxide support. These interactions are absent in weakly binding metals and a silicon oxide support. A strong correlation between the experimental measurements and theoretical calculations emerged in this work to confirm that the qualitative trends in metal bonding interaction are independent of the formal oxidation state of the supported metal. Together, these combined experimental and computational studies reveal the important role of d-orbital interactions in controlling the metal−support interaction, and underscore the importance of understanding how the support composition impacts nanoparticle bonding strength and stability.
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